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Abstract

‘1’hc Cassini  mission will explore the Satumian  systcm In much grcat-
CI depth than was possible by the Voyager fi yby missions. The space-
craft is comprised of a ‘1’itan pmbc and a Saturn mbitcr.

The Cassini  Attilude and Al[iculatim  Ckmtro]  Subsystcm  (AACS) is
mponsiblc  for detcmining  and cent rolling the spacecr’afl at [itudc in-
cluding instrument pointing, antenna pointing, and thrust vector
pointing during velocity charlgc maneuvers. ‘1’hc 12 year mission life,
loJ~g round- trip light time, and extended periods of coast without
continuous ground control drive  the AA(;S flight software design in
the directions of autonomy, fault tolcrancc,  and modularity to acco-
modatc planned upg]adcs  in flight.

Past cxpc] icncc on JPl.  planetary programs indicated the need for a
frmh app]oach to specifying, and developing AACS flight software.
An object cwicntcd app] each offers many attrac.live advantages OVCI
rnorc conventional methodologies. ‘1 ‘hcsc inc]udc  an impmvcd  m od -
ularity in both code and data that simplifies p]-ogram  structure, an cnl-
phasis on callic] specification and alchitcctura]  design of software
modules, and the ability to cawy the design paradigm mo]c directly
into flight software il~lplcll]el~tatio]~.

Recognizing these advantages, the Cassini AACS team has coopera-
tively  tailored a successful object oriented methodology that aids the
dcvclopmcnt  of mquimncnts,  fostcm the cad y consideration of p]ac-
tical implementation issues, and provides a convcnicnt,  self- con-
tained  vchic]c  for the dclivc]y  of algorithms  to flight softwa]c.

‘l”hc Cassini AACS Plight  Soflwaw is dcpictcd  in inc]casilig  ICVCIS of
detail using a COJWX1 I>iagram,  Alchitccturc IIiagrarns  (i.e., I>cpcn-
dcncy  IIiagrams),  an object l>iagram fm each object, and a Statc-
charl (i.e., State ~’ransition l~iagranl) for each object. “1’hc detail con-
tained  in the diagrams is enhanced and mfincd during  the
Requirements and l)csign  l’hascs of both Subsystcm  and Software
Development. I{xan~plcs  of al 1 the diagrams as WCI1 as the criteria for
object selection, the advantages of statccharls,  ancl the case of nlodi -
fyir~g the design to accomodatc changes in scc)pc  al c dcscribcd.

lNTROI)IJCTION

in 1989, NASA initiated the CRAF and Cassini missions. “1’hcsc  were to have been the first in a series
of intcrplanctal’y missions fo] the Malinc] M ark 11 program. CRAII’ was a comet l“cndcz,vous mission;
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Cassini  was targeted for an orbital  tour of Saturn; and both were planned to cncountcl an astcmid
along the way. 1.atcr missions in the Mariner  Malk 1 I series WCHC to be of similal  scope, with a goal
to study several  other  objectives in the sola~ system much more closely than any previous explora-
tion.

‘J’hc CRAl~  and Cassini  spacccraf[ WCI’C very lalgc. IIoth missions imposed huge pmpLIlsion  de-
mands; each carried numerous  instruments; and many types of cxpcrimcnts  were planned. Scientifi-
cally, the two missions were strikingly diffcmt, with little in common between their payloads. Ncv-
crthclcss, to complement their scicnt ific pmwcss, the Marine]  Malk 11 spacecraft wcw also to snare
many high pcrfomancc  design  features, with most of the core cnginccring  subsystems identical, m
easily configurable in a modulal.  way. ‘1’his made the task doubly complex - to meet two unplccc-
dcntcd  sets of demands, but in a common design (with ]c)on~ to accommodate needs of future  n~is-
sions  in the balgain).

At the core of this complexity was the flight software - that free- flowing but notoriously unwieldy
well spring  of functionality. With this daunting situation at hand, and knowing the extraordinary cf-
forl that had been required to deliver  capable and lcliablc flight softwale on prior, much simpler in-
tcrplanctaly missions, the guidance and contm] team made an car] y decision to meet this new chal-
lenge  with a new approach.

Aftcl intense but fnritful debate, a fomal  approach was laur~ched  in mid )990 which has guided the
softwalc design through  plclin~inaly  dcvclopmcllt.  “1’his approach uses, as its fundamental basis, ob-
ject oriented methods and statccharls (Ref. 1), but also involves the extension and intcglation of
these methodologies outside the softwalc domain among other alcas within guidance and control.

We ale happy to rcpoI[ that our cxpcIicncc  with this approach has pmvcn to bcrcmarkabl  y effect ivc,
M oleover,  our ability to regroup with lclat ivc case through the bounding evolut  ion of the program
to its current  state is owed in some mcasule to the success of this approach. “1’his  paper dcscl-ibcs the
motive for our method, the nature of its essential constituents, and its application from initial conccp-
t i on through subsequent cvoluti on of the project. ‘1 ‘o set the stage wc begin with a bI”lcf dcscript  ion
of the CRAI; and Cassini  missions and spacecraft as they were originally conceived when this ap-
proach was developed.

‘J’JIK CASSINI CIIAI.1.ENGM

‘1’hc (;assini  mission will explore the Satumian system in much glcatcl detail than was possible by
the Voyage]  missions. Hoth Voyager 1 and Voyager  2 flew by Saturn  in the course of their tour of
the outer so]al” system, but ncvc]’ went into orbit. “1’hc Cassini  mission plan calls for foul ycam of
intensive study of the Satumian system following Saturn orbit inscrlion.

Mission Backgroumi

‘1’hc Cassini  l;light  Software approach has ahead y been tested by pmgrammat ic and spacecraft de-
sign changes. Both the CR AI; and Cassini spacecraft needed the capabilit  y for full thlcc- degree- of-
frccdom orientation control to suppoII antenna pointing and pmpu]sivc mancuvcn,  and to pmtcc[.
ccr[ai  n spacecraft and instn-rmcnt surfaces fmm excessive dil-cct  solar radiation. IIoth spacecraft.
boasted two- degree- of- freedom articulated 1 ligh P1-ecisiorr Scan Platfoms (}11’SPS).  CRAl; (see
l(ig. 1 ) had an additional limited- motion, low precision, one- degree- of- freedom scan platfom;
while C.assini  (see h’ig. 2) had a low- precision, one- degree-  of- freedom probe relay antenna and a
cent inuous - lotation tumtablc. ‘I”hc imaging Subsystem (1SS) cameras on the } ll)S1) were tin~c-
shared between imaging science uses and stal detection and location to dctcminc  the 111’S1’- and
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thereby the spacxmaft-  at[itudc. “1’hc CXAli/Cassini  AACS sof[warc amhilcctum  discussed below
accxm~modatcd these and othel soflwal”c  tasks in a stmtum thal- with the cxccption  of {umtab]c
cmt lo]- was identical for CRAF and Cassini.

in January, 1992, NASA’s final budget did not include CRAII’, and the same budgctaly  plcssurcs  that
eliminated CRA1; were challenging Cassini’s  survival in its then- current fem. Aftcllccxallli~~atior]
of mission goals and mquircments  and spacecraft options, a simplified rcdcsigncd  Cassini spaccclafl
was proposed which could bc dclivcrcd  at lower cost and cost II sk than the callicr baseline. ‘1’hc
mdcsigncd  Cassini  has since been adopted as the Cassini baseline and will bcdiscusscd  ill moIc detail
below.

Mission Objw.tiws

‘1’hc spacecraft is comprised of a probe which will take atmospheric measumncnts  during its dcsccnt
to the surface of ‘J’itan,  and a Saturn Olbitc]’  which will invest igatc the satellites, lings, atmosphcm
and magnctosphc]c  of Saturn over the COUMC  of 4 yearn and 60 Saturn orbits,  IJuring  this mission,,
‘1’itan will come in for pallicular  scrutiny with 33 flybys for imaging, RAI>AR,  and radio science.
observations.

“1’hc  control software under discussion is lcsponsib]c fol dctcmining  and control Iing the Cassini
Spacccl”aft  att  itudc at all times in the mission including camera and instmmcnt  pointing, p~obc point-
ing at plobc  lclcase,  antenna pointing for communicant ions, probe data relay,  RAIJAR, and radio sci -
cncc, and thrust  vector pointing during  velocity change n~ancwvcrs. ‘1’hc 12 year mission life, long
round- trip light time, and cxtcndcd  periods of coast without continuous ground  control drive the
AAC3 flighl  software design in the directions of autonomy, fault tolcrancc,  and modularity  to ac-
commodate planned upgrades in flight.

CASSINI SI’ACECRAJW

1 iig. 3 shows the ]cdesigncd Cassini spacecraft. ‘J’hc most visible changes from the earlier Cassini
design arc that the p]atfOl”IllS Wef-c mmovcd and all instnmcnts  and antennas bccamc body fixed.
“1’his  meant that all instrument, sensor,  or antenna pointing would need tc) bc accomplished by spacc-
claft rccwicntation.  Since spaccclaft  reorientation is mlativcly  slow, it was no longer feasible to tinw-
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lJJg. 3 Cassini  ] 992. Jlasc]inc

sham the 1SS cameras bctwccl~  imaging and AA(X.  lnstcad, a dedicated stal trackcl was added
which ]s capable of continuous stm viewing.

As bcfmc, Cassini  camies the large (3 m diameter) 1 IU ygcns hobc  for ejection into the ‘I]tan  Atn]o-
sphcl”c.

Cassini  now features a ~cnmtc  sensing pallet which includes all precision optical instruments. ‘1’hc
optical cxpc~ imcnts ale co- borcsightcd  so that aiming one of thcm points thcm all at the same target.
“J”hcsc  instruments all have ladiatom mounted pclpcndicular to their borcsights  to cool their dctcc-
tms. ‘l’he radiators must bc kept out of direct sunlight at all times of the mission for the instruments
to function pIopcIly.  ‘l”he Stellar Reference llnit  (SRU) used for star tracking is also on the pallet.
Its txmcsight  is pointed in the same direction as the science instrument radiators so that the SRLJ field
of view will never bc obstructed by either the sun or the optical instmmcnt’s  target.

OthcI fields and palticlcs instmncnts  ale mounted elsewhere  on the spaccc]afi  and ~equire diffc) ent
spacecraft at tit udes and motions to collect their data, Onc group of cxpclimcnts  requires the spacc-
CJ aft to]oll about the axis of the 1 ligh Gain Antenna (1 IGA) for up to 8 }1OUIS so that the expcrin~en[s
can take n~casurcmcnts  in all directions.

“l”hc 4 m wide} ligh Gain Antenna serves  many puq~oscs. It is pointed at the lialih for con~nlunica-
tions bctwccn  Cassini  and the mission operations, “1’hc  1 IGA will track the motion of the probe  as
it cntcm ‘1 “itan’s atnlosphcre and receive data beamed back fmm the probe for later let ransmission
to the 1 lalih. 11 serves  as a radal transmit tcr and receiver for ‘l’it an alt imctry and mapp]ng cxpcri -
mcnts. li]nally, the 1 IGA may bc used fo? Radio scicncc  cxpcrhncnts langing from gravity wave
detection to atnlosphcrjc or ling par[iclc  studies during  Earth occultation by Saturn, its l.ings, o] ‘li-
tan.
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in cwdcl to gcnmate  adequate powcI at over 9 All fmm the sun, (;assini is powered by three }<adioiso-
t ope.’1  ‘hem mlcct ric Gcncratom  .

‘l-he pmpulsicm system offm a (redundant) gimbalcd  bipmpellcnt  main engine for high cff!cicncy
during oveJ’ 100 ]al’gc pmpulsivc maneuvers and small fixed monopmpcllcnt thrusters  for precise
small pJ’opulsivc  nlaneuvm and thmc axis attitude Contm],  ‘]”hcsc Snla]] thrusters  and the Cc]uipmcnt
supporting thcm am co]]ectivc]y  rcfcmd to as the reaction  coJltm]  systcm (RCS).

IIoth the Command and IIata Subsystem (CIX) and tllc Attitude  and Articulaticm  Control Subsys-
tcm alc built around a pair of 1750A micmpmccssms  pmgrammcd in Ada. “J’hc availability of a
language like Ada for the flight conlputc]laiscs  the desirability of choosing an object- oriented soft-
ware dcvclopmcnt approach. AACS will bc discussed in mom detail in the following section,

Commands rc]ating to AACS ale lJISCJ’lCd into a command scqucncc,  received at the 1 I(;A (o] onc
of two low gain antennas), dccodcd, and sent to (;11S. C1lS then installs and activates the sequence
and sends commands to all subsystems- - including AACS-  at the time indicated in the sequence.
Commands to AACS am sent out over a 1553]1 bus to AACS.

‘1’hcmal cent to] of the spacecraft is managed by designing ccl-lain  sides of the spacecraft to acconl-
modatc  full solar input at 0.61 All from the sun and othc]” sides (sLIch as the sldccontaining  the instru-
ment radiatol”s) which are designed to ncve] see the SUJI, WhcJI  C1OSC to the SUJ), the 1 lGA is gcncrall y
sun- pointed. All lUI’JM off SUJI point at this phase of the mission ale brief and in a direction so that
the SUJ}  is on the probe side of the spacecraft. ‘1 ‘hcmal constraints fom the basis of some of the ]“c-
qui Kmcnts for fau]t protection Softwaw speed of I’csponsc,

A’1’’1’I’J’(I1)I1  ANI) ARTICLJI,A’J’JC)N CON’J’ROI,  SUJKYS’J’JCM

lhnclions

‘1’hc  Attitude and Articulation Control Subsystem is msponsiblc for attitude dctcmlinaticm,  attitude
cent rol, trajectory change m ancuven, fault protect ion, spacecraft att i t ude broadcast, and tclcmctry.

Attitude ]Mmnination:  detcmination  of the SUJI location using the Sun
SCJISOI-; stal” ldcntif]cation  using  the Stcllal’  Rcfclencc llnit  (SR1l);  atti-
tude determination using identified stare, and attitude propagation between
star updates using a dynamic model augmented at times by the Inertia]
Reference Unit (IRIJ).

At[itudc  Control: Control  of the spacecraft attitude using thmstcrs for
thcmal  contlo],  1 IGA pointing, probe pointing, and small trajectory
change mancuvm;  contvo]  of the spaccc]aft  using engine gimbal actua-
tol”s augmented by Toll  coJlt 1’0] thJ”ustcl’s  during  ]al’gc  (main engine) t l“ajcc-
tmy change nlancuvc]s;  control of the spacecraf[ attitude using reaction
wheels (RWAS)  dul”iJlg most of the Saturn encounter period.

‘Ii”ajcctoly  Change mancuvcl magnitude control: bum tcmination  based
OJ) timers for small mancuvcls, based on an accc]el”ornctm backed up by a
t iJl)Cl  fOl ]al~C  JllallCUVCJ’S.

ljault  Protection: l;ailuw detection, location and -rccove)y  fol failures of
attitude control  and pl”opu]sion  asscnlblics.

Attitude lhoadcast:  ‘1’hc spacccraf[  attitude and angular  velocity with re-
spect to the Inertial J2?OO0 coordinates ystcm is bloaclcast  to al I p]occsso]s
oJl the spacecraft that may need to know it
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‘Ielcmetry: 'le]ell~ctl'y  isdcsigr~cd  toallom'  gl"oulld  l"ccor~stl'LlctioT~of
spaccc]aft attitude, AACS assc]]]bly llcaltl],  al~d]~o]]]iI~al  a]ldfa~]lt]-clatcd
AACS activities.

Cent rol 1 ,oops
AACS is functionally mpmscntcd by IJig. 4. ‘J’his fip,urc shows that the AACS lili~ht Compute]. . -.
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liig. 4 AA(3 liuilctional  Block IJiagram

(AT;C)  communicates with CIIS and a la~gc  number of AACS pcriphc]al  scnsm and actuators. ‘l’he
sensors inc]udc  a ]cdundant lncrlial  }<cfc~cnec  Unit , Stcllal  Rcfcrcncc  lJnit, and Sun ScnsoI,  and
a non- lcdundant  Accclcmrnetcr.  Actuators include redundant reaction wheel assemblies and l\n-
ginc Gimbal Actuators. ‘1’hc AA(X  also controls Pmpu]sion  Subsystem valves, thmstcrsj engines,
and hcatcls. Iixccpt for the SRI], all communication bctwccn  the AIW and the AA(XS peripherals
alc via the AACS bus. ‘J”hc SRI] sends its voluminous (X3> image data to the APC via a dcdicatcd
pixel intcrfacc.

IJigurc 4.1 captures the basic cont[ o] loops. Note that the “blocks” discussed here will fom the basis
for some of the objects sclcctcd  below.

in the attitude contm] loop, commands from C1)S drive an attitude commandcl-  which dctcmincs
the instantaneous attitude, angulal velocity (attitude rate), and angu]al  accclclation commands.
IIata from the sun sensor and the lkU is combined to generate an attitude and attitude rate estimate
in the at[itudc  dctcmination  block. ‘1’his is passed to the attitude control block which compares the
commanded and estimated attitude and attitude rate, notes any conmandcd  angular  acceleration,
and, dcpcndi  ng on cent rol mode, gcnc]atcs commands for the appropriate combinat  ion of thmstcm,
reaction whcc]s,  or I;GAs.



AAS 93-033

]n the vc]ocity  change  ccmtm]  ]cmp, a timer is used to tcmlinatc the pl’opu]sivc nlancuvm whcJl the
dcsilcd velocity change has been achieved. Pm main engine mancuvcls, the timer is augmented by
an accclcmmctcr  which mcasuws onc component of the velocity change directly.

Anotbc] view of the AACS is provided by liig. 5, “AACS IJligh[ Software Modes”. ‘I”his figure
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IJig. 5 AACS IJlight Sof[wam Modes

shows the major subsystem modes. l-he I/light Software in an AFC will bc in one and only onc mode
at any onc time. No mom than onc AIC is allowed to bc prime at a time, so if OJIC A1;C is in the
l’rime supcrmodc, the othc]  AFC is either off or in Dackup mode. ~’hc figure  should bc mad as fol-
lows: “1’hc symbol with an awow drawn from a dot denotes the default state o] substate.  When a
statcis entered without a positive indication of which substatc  to stalt at, the 1/S W stare  at the default
state. ‘1’he letter C refers to a commanded state transition; AA(3 receives  these commands from
(3>S. the lct[el li indicates a transition caused by an intcmal  AA(X3 fault response. If a state is di-
vided by a vertical line (see }Iome }Iasc), that means that thcl-c ale two concumcnt  machines and the
total state is made up of the combination of the active substate  on each half of the vertical line. ‘J’hc
modes alc discussed below by considering a couple of scenal”ios which cxc]cisc most of the transi-
tions shown.
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llcfolcl  a~ll~c}~b otl~ATiCsa lepowcred,al ~dtl~cybo  tl]col~lcup  itltllcll  ackup1llodc.  Onc AIWis
then commanded to bccomc  I’rime in the 1.aunch mode. in the 1.aunch mode, some haldwa~e  can
be powclcd  for self protection against the launch environment, but no spaccmaft  cent ml is attempted
and it is not possible to fire any thrusters  or main engines. ](O]]OWiJIg burnout of the uppcl’  stage,
but bcfmc uppc]’ stagcjcttison, AA(X is commanded into l’rcpal”c to Control mode. I ICIC the propu-
lsion  subs ystcm can bc vented and valves opened  and closed as ncccssaly  t o be lead y t o f ire thrusters.
in addition, the At[itudc  dctcmination  function is initiated using the sun sensor and 11<11.

As soon as AACS rcccives  an indication from CIX that the upper stage has been jettisoned, it trar~si  -
tions to IIctumblc mode. In this mode, the only objective is to achieve a target  spat.eclaft rate C1OSC

to zero. At this point, the incrlia] (J2CIOO)  at[i(udc  is UIIkJIOWII  and a transition is made to sun search
mode. in the nominal case, the sun is ccntcrcd  in the sun sensor }iOV at uppcI stage jctt i son, so the
spacecraft has enough lnfomlation to give dctcm~inislic  commands which will turn the sun scnsm
back to directly reacquire the sun without the need for a full sky scalch.  If the SUJ) location were
completely unkJlown,  such as after an attitude knowledge fault, a full sky search would bc initialed
that would bc guaranteed to find the sun within a prcdctwmincd amount of time.

Oncc the sun is acquired OT ]cacquilcd, a transition is made to sun hold mode which keeps the sun
sensor  pointed at the sun and keeps the drift rate about the sun line below a certain allowable value.

At a later time, the SRLJ will be turned on, checked out, and the softwalc will identify the stars in
its field of view. ‘1’his will allow a full 3- axis determination of the spaccmaft  attitude with respect
to the J2.000 inertial  coordinate system.

At this time, the softwalc will make its flint transition into the 1 ]omc Ilasc mode. }txccpt fol brief
planned (and possibly unplanned fault response) excursions out of 1 lomc IIasc, the softwalc will
spend the rest of the mission in this mode.

} lomc Dasc has concurrent Control and Knowledge substatcs. ‘1’hat is, whenever the mode is } lomc
IIasc, there will be both a Control and a Knowledge submodc.  ~’hc Control submodc  will bc RCS
m RWA cent ml, depending on which actuator is used to control the spacecraft. 1 ;or Knowledge, the
SRU will always be used, but the distinction between the subrnodcs  depends on whether the IRll
is also used to augment the SRLJ in attitude propagation.

‘1’he l’robe Rclcasc  scenario  stalls with the spaccc]af[  in ]Iomc IIasc mode in a “C3”uisc”  state defined
by 1<(3 Contro]  and SRU - only Knowledge. “1’hc  lRIJ is needed for PI obc lclcasc, so a mode switch
to SRIJ -J lRU will be commanded.

Oncc the IRIJ has wamled  up and othc?pl’eparations  have been made, the AACS is commanded into
Atlitudc Control l>isablcd mode a few seconds before  probe  lclcasc. ‘I-his is to avoid damaging the
probe with combustion products du]h~g its departure  from the spacecraft, Att itudc Conttol  l>isablcd
is a t imcd mode, with the time- out t imc as a variable parameter.  I I’01 Ilobc release, the timer will
be set to expire a few seconds after probe release.

At this t imc, the spacecraft will execute a dctumblc  maneuver, and, given the large kick the probe
gives the spacecraft, it will take many minutes to bring the spacecraft angulal velocity back close
to 7CI”0.

Since the IRIJ is on, AACS never  looses track of the spacecraft attitude, so on completion of the
dctumblc,  transition is made dilectl  y back to} Iomc Uasc, using the default substatcs of RCS Control
and SRIJ + lRIJ.
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With this ovmvicw  of the AACS funct ionalit y providing son~c insight into the diverse and complex
rcc]uircmcnts placed on the AA(Y$ l;light  Software, let’s turn to how wc went about selecting the
mcthodo]og  y for flight soft wale dcvcl opmcnt.

SIU,IIC’I’ING A M1tTllODOl  ,(KI’

1 lad thcle been strong  support for a parlicu]ai methodology within the guidance and control team
at the inception of the project,  little debate would have ensued over the approach to bc taken in this
task. on the contlaly, despite past cffcnls with various methodologies, the general sense initially
sccmcd to bc one of unenthusiastic rcsignat  ion to adopting thcmccntl  y used methods ofanothcr p]cJ-
gt am.

‘I”hcsc  methods had proven  useful, but unsatisfying, with much of the cfforl driven only by a dcsiw
to “do the job right” by follow] ng the prescriptions of the method. As a ccmscquencc,  most pall ici -
pants never took full ownership of the approach - pal[iculally those whose close  contact with the
soft ware dcvclopmcn[  cfforl was by circumstance instead of desire:  control analysis, tracking, sys-
tem design, integration, fault protection, testing, and so on. “J’his was the state of advocacy going
in to the planning process.

‘1’his preponderance of apathy must bc honest] y accounted, however, as an ur~surplising  consequence
of the teams composition at that time. “l’he conscious effort to tackle this pIoblcn) at threadiest stages
of the project  and to enlist cvcryonc with a peripheral role in soft ware dcvcl  opmcnt resu]tcd in a team
with software specialists decidedly in the minority. IJinding an approach that would engage this
group  to the point whew all could wolk in a well coordinated mannc] was essential.

‘l”IICSC  a]cas had all certainly worked  together  on past programs, but history had taught a number of
bald won lessons. It was gcnm al placticc, for example, to se]ialim many pI-occsses.  S ystcm dcsign-
CIS would put together the basic architcctuw  and lec]uiwmcnts.  Analysts would refine the design and
then produce the appropriate algorithms  to bring about the desired  behavior. Software cnginccm
would then mold these assorted algorithms into code - not infrequently with a fail- amount of distor-
tion. At some time, usually too late in the progression, a fault protection design would bc wedged
into place,, and the softwale would then, final] y, be lcady for intcg[ation  with the lest of the systcm.

I>cspitc a fail amount of obvious lecumion  in the process, each of these stages would bc scrutinized
carefully, and planners would come to the “logical” conclusion that this serial order was incvitab]c.
Onc need only look at the tools of the trade to see, for example, that the analysts equations and the
pmgrammcl”s  code WCJC illcolll~~le)lsul”atc!  (e.g., different  dcvcloprncnt  and test cnvilonnwnts, dif-
fcmmt languages.) As a consequence, algorithms  often evidenced little consideration for their ulti-
mate fcwm when they were dcl ivcmd for coding.

}Finding a way to break this sclialization  was a major issue. It was not enough tlmt  the software  cngi-
nccm issue guidcli  ncs, or watch over shoulders to prcpam  themselves for the i nputs they would m-
ccivc.  3 ‘he approach sclcctcd  had to bc one in which interactions among softwaw components was
clcal and explicit from the beginning, and in which algorithms that am typical of guidance and ccm-
trol applications could find natural expression. ‘1’his led to a number of ideas that eventually took
fom~ in the sclcctcd  approach.

l~mcmost  is the concept of intcrconncctcd  state machines.’1  “hcsc easil y capture  both the sequent ial
control constructs of the mode logic, configuration contl”ol,  and other discrctc aspects of the software
design, as WCI1 as the state dynamics of a control law or an estimator, Iloth fit nicely into a common
flamcwork  which the economy of statcchall representation makes simple to manipulate and undcl-
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stand. one finds in the state diagrams a common  vocabulary that pwmits the software design to bc-
comc, not just the rccipicnt of the dcvclopmcnt  ideas, but also a capable expression of thcm, As a
result, wc now have many practitioncm  of this approach outside the software team who find this to
bc a powcrfu]  tool in thcil’  wok, even at early conceptual stages.

State machines cawy with thcm the notion of strong association among a co]lcction  of data. Advanc-
ing the state of the machine is a WCII defined ccmccpt iii which allmvcd transitions arc carefully and
explicitly dclincatcd, and in which, ideally, the intcmal  proccsscs  of state evolution alc hidden.
‘1’hcsc notions also dcscribc the basic tenets of object oriented mcthodolog  y which has bccomc a
dominant fmcc in the software world  in rcccnt ycam. Although Ada (the language choseJl for this
work) oJ~ly  weakly supports softwalc objects, this apploach  ncvcrthc]css  fits nicely with the para-
digms  of the ]anguagc.

A]togcthcr,  the blending of all these ideas seems almost ideally suited to guidance and control fmm
concept ion through illlplc~~~crltatio]~.  ‘1’hc]e  appcam to us to bc no other approach as capable of span-
ning this ]angc of the dcvclopmcnt  cycle.

‘1’hc explicit nature of interaction among  state machines that is cncoul’aged by this method addresses
anothcl  weakness that has been apparent in past programs and that also is not approached so dircctl y
by most othc] methods. }to] example, typical practice in the past has often been to communicate
among soft ware modu]cs  via common pools of data. ‘1 “his is a passive form of Int tract ion whereby
act ivit ics in OJIC al”ca are affected by anothcl’  only by an overt act of the affcctcd a~ca to dctcnninc
whether a change has occurred in the shared data.

With effor[, shalcd data can bc manipulated to model  a more direct interaction, but when several
areas l’eact to conlJnon  data 01 contribute to COIHJNOJI  data, there arc JIO ready means of synchroni7,a-
tion among thcm othcl than the exercise of great caution, A ]al’gc amount of time is spent with such
an approach coordinating all of these interactions, pal’ticulady the unintended oJ~cs  which incvitab]y
and craftily crccp in. ‘1’hc great fear is that such interactions may go undiscovered.

While it is possible, with a little willfulness, to dup]icatc  these problems with objects, the notion of
event- driven actions as the natural expression of an object’s bchav]m tends todissuadc more passive
implementations. livent- driven interactions ale not oJIly explicit, but also anlcnab]c  to mole direct
syl]c})lo]]iz,atio]~.  III considering the resulting nctwok  of contm]  that bccomcs  apparent with this ap-
proach,  a pool partitioning of funct ions among objects can bc i dent ificd and conectcd.

]io]” cxamp]e,  wc have used a c]eal” hierarchy  among objects which directs control prcdominantl  y
downward to plomotc  a manageable structure. 1.atcl-al actions a~c limited, and upward actions am
strictly one- to- one actions without the attendant pmb]ems  dcscribcd  above.

1 i~ cent rast to the level of control OVCI interactions afforded by most othcl methods, the object ori-
ented approach has clear advantages. Given this and the other factors cited above, the motives for
pumuing this approach were c]cal”. ]t l’cmaincd  onl y to adopt a formal Inlp]cmentat  ion of this method.
‘lb do that, wc built a prototype.

Wc conducted a Methodology Prototype with the AAC;S  groups mentioned above participating. ‘1’hc
goal of the prototype was to work as fal as possible t}wough  the process, lcsolving issues as they
alosc. ‘1’hc result was a groundwork for the Object ~rlcntcd  approach eventual I y adopted and agrcc-
mcnts on the fom~ and types of deli vcrab]cs to the flight soft wale dcvel  opmcnt  process.

AN OI]~IKT  ORllLN’1’lC1)  A1]PROACI1

An object is a set of data and any operations which act OJ1 that data. Object boundaries arc chosen
to maximize the cohesion within a given object (make it as indcpcndcnt  as feasible) and minimize
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the coupling between objects  (as fcw connections as feasible both in numbcl and frcqucmcy).  I>ata
within  an object may only bc c}~angcxl  by operations within  the object (there is no common alca
where data is manipulated by mmc than OJ]C object). Such alc the basic tenets of an object  Oricntcd
approach.

“1’hc approach prcscntcd in the following sccticms was based on the wmk of I)avid  1 lalcl (Ref. 1 ),
Sally Shlacr and Steven h~cllm (Ref. 2.), and IJon }Jircsmith  (Ref. 3), but is unique to JJ’I. ~assini
AA(3 ldight Software. Ihning  the h4cthodology  l’rototypc,  wc defined and refined how to usc the
various  lcpmscnt  at ions and dcvclopmcnt  techniques to suit our needs. Wc f urthcl  mfi ncd the process
during the dcvclopmcnt  of a second protot ypc where wc produced an act ual woIk ing model by going
through all the steps in our development process as pol[raycd in IJig. 6 and using the software dcvcl -

M,  Mn!r.ml
Pmcl”e  Illdr,
Uric,  WI Plum
Add+  A7 Co&  A, dy, ,,

In fl’nm  .%mf,cal,(m  I)mume”t  Ar.),,  ka,r,  d [ti,t,,  [,S$1  ) 1 )

$OILRWI  .%atlKwou  l)ocumu  (SSL1)

c!!11”,,
1,,,”

[>
11,,,,
1,,,
U,virw
. .

zInlrplmr>  &
AccxP1a,,  ct
1,,1,,,

Sll  3

It$(
Utafl,ln,
flc.lr%
—7

opmcnt  tools wc had sclcctcd  for the project.

It is important to note that, although the complexity of the softwalc  is vcty  high, this is a fairly small
software project in tcmls of the lines of cxccutablc  code (estimated at ICSS than 10,000). As will bc
seen, wc have identified just 30 objects and found it unncccssaly  to usc concepts like classes and
inheritance. We could have used classes in the definition of the 1 laldwarc Manager objects, but wc
found each to bc sufficiently unique and t}~c numbm to IM so small that defining each scparatc]y  bct-
tcl suited our process. ‘1’his is especially true since, as is discussed later, wc identified the low lCVC1
objects first, then identified the highcl lCVCI objects in the alchitcctural  hicralchy.
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l~lighl._SofLvarc .cont.c.xt

‘J’hc requirements placed on the l(light Sollwale WCIC clcscribcd and illustrated in previous  sections.
‘1’hc process of performing lcc]uircmcnts  analysis and architectural design actually began with the
creation  of a (kmtcxt IJiagram. ‘1’hc ~assini AACX };light  Software cxmtcxt is dcpictcd  in l{ig. 7. A
simplified view of the l;light  Software is that inputs fmm the spacccrafi sensors  am used to compare
desired attitude to estimated at[itudc  and corrections  ale made by outputting to the actuators.

As can bc seen ]n l;ig. 7, the lilighl  Sof[ware has five primaly intclfaces:

1. ‘J’hc 1750A Omuputcr  and its operating Systcm.

2.. ‘1’hc Omnmand  and Data Subsys[cm (OX) via the 01S }Ius.

3. “1’hc Stcllal Rcfelence llnit (SRIJ) via the l’ixcl lntcrfacc
IIus.

4. Othcl AAC3 haldware via the AA~S IIus including:

a. ‘J’hc Sun %nso]s  - Sun Sensor ltlcctmnics (SSl~)

b. ‘1’hc Acccle]omctm - Accclclornctcl  }[lcctronics  (A(X3t)

c .  ‘1’hc Gyros - lnc]lial  Refcmncc  lJnit  (IRU)

d. “l-he ‘1’hrustcrs - Valve Drive lUcctI onics (V])];)

e. “l’he ltngine Gimbals - ILnginc Gimbal Assembly (}LGA)

f. “1’hc Reaction Wheels - Reaction Whccl Assembly (RWA)

5. AACX Support llquipmcnt (S1~), fol testing, via the l>ircct Access llnit
(lJAL1) which is disabled in flight.

{’ASSINI  AA(:S  I(’J ,1(;  11’1’  S[)I”I’WAR1!  COIW’itX’l’  I)IAGRAN1 I (:RAF,C:ASSINI  AA(-SI1,I(;lII S[)l’”1’\VA1ti  {-ON’l’l:.X’l’ l)IA[;  l/Aill

— ..———
F.. -

——.  _
. ..-

l’lg. I I’lg. 8

l;ig. 7 is a classical Software Context IJiagran~  showing the softwalc as a bubb]c,  lines and alrows
indicating data flow and boxes as terminators (external interfaces). We have taken the drawing a step
further to S}]OW the next level of interfaces beyond the buses. ‘1’1]1s proves very useful since  each of
t hcsc jntcrfaces (as well as the buses themselves) need to bcrcprcsentcd  in the soft wale.”1  ‘he contents
]nsidc  the heavy dashed line alc expanded in the next level diagram.

}iig. 8 depicts the software context prior to the deletion of CWA1;  and the (;assini  lcdcsign. ‘]”hc
shaded boxes WCIC deleted and the Cameras were replaced by the SRIJ fo] St al’1 lacking. Accon~o-
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dating  these changes in the softwalc design was straightfcnwald  and re]ativcly  painless because of
the object Oricntcd  approach as can bc seen by compaling the “lS’’t’WAS” C;ontcxt  and Alchitcc-
turc IJiagrams.

Sddion of objects

After prcpaling the cmntcxt  diagram based on the subsystcm  rcquircmcnts  and subs ystcm haldware
awhitcctuw,  subsystcm  Softwalc Rcquircmcnts Analysis and Alchitccturc Ilcsign normally pro-
cccds by fil’st creating  a strawman  arc}litccturc of candidate objects, In oL]r case, much of the control
soflwal”c  al’chitccturc  was dccidcd on cluring the Mcthodo]ogy  ]>mtotypc.  “l’hat design was extrapo-
lated to the design of the l;light  Software by the (lmtm]  Analysts and is rcflcc.ted in the 1,CVCI  1 AT-
chitccturc l>]agram.  in pal’allcl, however, wc WCI”C doing a context  II]agram and brainstorming t}~c
objects nccdcd for the 1,evel O Alchitccturc  IJiagram. “1’hc object selection techniques dcscribcd  bc-
low wc]c dcr]vcd from the work of I Ion Fircsmith  and were considered for our approach. ]n the final
analysis, wc used four of the six tcchnic]ucs.

1.

2..

?. .

4.

5. .

6.

‘Iknninator  on a (kmtcxt l>iagram  - each box on the ~;ontcxt l)iagtam bc-
camc an object. Softwale units ale almost always required  to sewice  each
of the extcmal interfaces. (Second oldest approach according to l<cf.  3).

Abbotts’  NOLIII Approach - look fm nouns in the softwalc lcquiwmcnts  to
consider as objects (e.g., “1’hc l;light  Sof[ware shall use sun SeJISQrS  for
.Attitudc ILstima[ion.) . in the example, both underlined nouns WC]C con-
veI [ed to objects, but this technique was actually used to ]cfinc the al”chi  -
tcctwc  latcl in the process after software rcquilcnlents were more mature.
(In the ma] world, softwa~’c  rcquircmcnts don’t just fall from above, but
must be laboriously derived  in parallc] w]th the alchitcctum  development).
oldest tcchniquc according to Ref. 3.

l>ata  Store on a l>ata  Flow Djagram - pIocesscs  which act on the data in a
store ale grouped with the store to become  an object. We have not used
data flow diagrams; thc]cforc,  this app:oach  was not used.

l~ntity  on an Hntity Relationship l>iagram (or nodes on a Semantic Net) -
examples of each type of diagram ale provided in Figs, 9 and 10, the simi-
larity to Context Diagrams is apparent. Wc opted not to usc either  of these
diagrams and, thcrcfom, didnt usc this tcchnic]uc.

Ilnit of Work - decomposing the software based on task assignments, Sev-
eral objects were sclcctcd  based on the convenient assignment of tasks
both to the control  Analysts and to the Softwalc ltnginccrs.  ‘1’his tcch-
niquc  can simp]ify  and minimize both the human and the software intcl’-
faces.

object Abstraction - is essentially a way of thinking in object oriented
tcmns and requires a mind set (OI paradigm) shift. After working with ob-
jcct$ for a time (about six months) and thinking in tem~s of object size,
minimizing coupling, and maximizing cohesion, onc begins to lccogniT,c
obvious object candidates without using the other  techniques. 1 IOWCVCI,
this technique is not clearly defined and is, thclcfow, not onc used by bc-
ginnel”s.
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(;rouping  and l)fxonlposing  Objects

l)atls of the object  Abstraction approach discussed above are the Classification l>iagrams  and (;on~-
posilion  l>iagrams  (see examples in }(igs. 11 and 12). We used the idea of (;ompositc’objects, o~jccts

Conlposc(

~mRlC7R*IJJ:,CslGNAI,Se—.—... . .—
l’RAP’}~lCSICiNAl.S

EEiiE3iiziiiEiii&wEl— . ..— .———

L—.—. ..—— .——. —3

}Iig. 12. ~;omposition  l>iagram

liig. 11 Classification Diagram

of several,  more primitive objects, to enable diagraming our softwa~c al”chitccture in
increasing levels of detail and complexity. We didn’t usc (kmpositio-n  ]>iagrams  because our soft-
walc architecture is not that complex, thclc are ml y two levels of diagrams, and the cxpansi  on of
composite objects to primitive objects is relatively obvious. We could have used classes of objects
fol” some of the haldwale  (e.g., thl”ustel”s,  but wc al”c actua]ly  intel”facing  to sets of C]cctmnics  which
c.ont  ml all the thrusters  and it made mole sense. to have the object  lcprcscnt the sets of elect  mnics).

l’ligld Soflwarc Archilcclt!rc

l’ossibly  the most useful way to pJcscnt the methods we used for developing the software architcc-
lUIC, is to walk through  an Al”chitcctul”c  IIiafy’am  and discuss the salient points. l;ig. 13 is a portrayal
of oL]r highest level (1 .cvel O) of softwalc architecture. liig. 14 is a view of the al”chitccture  p] i or to
clclct  ion of CXAII’  and ~assi  ni rcdcsi gn. Rounded Jcctangles represent objects. ‘1’hc square m.ctanglc
]cpIcscn[s  an cxtcrna]  interface (OI t cminat or).”1 ‘he anmvs indicate di rcct ion of dependency (who
is dependent on whom). We used a construct of awowhcads  only to indicate a source which Could
be dependent oJ~ all objects or a sink which all objects could depend on. MaInl y, this just kept the
diagram cleaner. ‘1’his kind of diaglam  is based on l~cpcndcncy  I>iagrams,  which look almost idcnti-
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cal to a Semantic Net (see l;ig. 10) without the description on the allows.  ILarly in the design process,
control (via calls) alc not known and this kind of diagram helps to stali  establishing hicrawhy.

. ——. —

(’ASSIN] AA(:S 1U41G11’J’ SO1’’J’WARI;  AJt(’1ll’I’lt(’’I’[ lRlt

— ———

(’l{Al:/(’ASS  ‘1 AA[:S 1’1,1(;11’1’ SOIV’}VARI:, AR(:Ill’I’li{’’I’l JKIt
A l, Ii\’1$1.  o

.—. —— ———. — — ——
liig. 14

Stall illg at the top, wc have the external opcrat ings ystcm (the lcal time opwat  ing systcm,  R“I’X,  fm
the 175(IA prwvided by ‘1’1 .1>, our CYoss  compiler vendor). “1’hc operating system links to the flisht
softwalc cxccutivc as a rcsu]t of an intcnupt  or during  systcm stallup.

‘J’hc,  ];ligllt Software }txcc~ltivc  object scrviccs  intcwupts,  handles timing scrviccs,  schcdulcs  all
cxccut ion and pclforms tasking. It is the only intcrfacc to the 1750A (via the operating systcm). “1’hc
lilight Softwalc ILxccutivc  initiates a pmceclurcin  each object in tum when it is schcdulcd  to exccutc.

Messages to the command  and l>ata  Subsystcm  ((;11S) may bc clcatcd  by any of the other objects
but celtainly by ‘Iklcmctry,  which can fetch telemetry data from any other object. h4cssagc  packets
arc cmatcd  and sent to the OM (and perhaps on to storage  in Solid State Memory or to the ground
system) by initiating the CXIS Ilus lntcrfacc object w}lich nlanagcs  the bus pmtoco]  to the ~llS
(spacecraft) Ilus.

Messages from OJS ale periodically picked up from the ~l>S Nus lntclfacc object and chcckcd  for
validity. ‘1’hc h4cssagcs  from OJS object then notifies the ~;omrnand  1 landlcr  that it has a command
to pl’occss.

liaults  may bc raised and sent to the l;ault Analyzer.  IFault  Analyze]  will determine whether to kick
off a IJault Rccove]y  o: just record the fault. ltault Rccovmy may involve a complex set of commands
be issued which take priority OVC] any comnlands  from C3)S.

‘J’hc {;ommand } landlc]  dctcm~incs w}~ich  commands have priority, in the case of a conflict, whether
the command is valid in the cuncnt  software mode, and what actions arc ncccssary to accomplish
a command. Gmlmands  may bc passed to the hardware (kmfiguration  Manager or the h40dc ~on~-
mandcr (softwale  configuration managel”)  fo] cxcc.ution.

‘1’hc Gmfigulation  Manage]  maintains the status of the AA~S hardware. Status such as ln lJsc, Pow-
ered On, Ready, and }{ailcd alc kept for each dcvicc  as well as the addressing path (e.g., 10 lILIS A,
101113,  ltlectronics A).

15 2/2/93



AAS 93-033

‘1’hc Mode Gmmandcr  maintains the software configuration and allowable changes in the softwalc
confi~uration  (mode changes). Scc l(ig. 5 for the modes and allowable transitions. “J’hc Mode Gml-
mandcr sets goals for At[itudc  (;ontro] and manages the states of Attitude IIctcmination,

Attitude ~;ontml  is a composite object comprised of the Attitude Gmmandcr, IJclta V (vclocily)
(~or]tm],  At[itudc  ~ontro]lcl,  and lncrlial  Vector IYopagatm.  l)lans for control, how the plans arc to
bc camicd out, and plan implementation (via 1 lardwarc h~anagcl”s)  arc all done by the Attitude ~on-
trol. Scc l;ig. 15 for the expanded detail. l;ig. 15 portcays  the next ICVCI (1 .CVCI 1 ) of architecture
and at this ICVC1 wc have shown the actual control (via calls) and added the direction of data flow
in the form of small awmvs  next to the control an ows.

~~~ CASSINI  AA(X  1~1 JGII’I’ SOIWW’ARN  ARClll’IW’IIJRlt

~!!

l, I; VIL1, 1- CONTRO1, AI, GORI’I’l INIS

,,,..
. . . . . . .  ~E3

AL- . . . . . . . . . . . . . . J L – - — — .  — — . /

I

l’1~. IS

Attitude l>ctcmination  is a composite object comprised of the Attitude Dctelmination  (;ommandcl”,
the Attitude Fktimator,  and the Stal 11> (Identifier). Attitude l>ctcnnination  p]oduccs  ari estimate of
cuncnt  attitude, compalcs the at(itudc  with the desired attitude and produces an attitude emn by ex-
changing information with Attitude control  (attitude goals arc achicvcd  by this process of cycling
bctwccrl Attitude IIetcnnination  and Attitude control).  Attitlldc  I>Ctclnlinatior~  bases jt$ cstiTllatc$
on data lcccivcd from the haldware  sensors (via the 1 laldwarc Managcm).

‘]’hc (kmstraint  Monitor  constantly checks both the estimated and desired attitudes for violations of
forbidden spacccraf[  attitudes such as staling at the SUJI  with the cameras or pm]ongcd  exposure of
the instrument radiators to the sun.

1 ]ardwalc Managcm  is a composite object and its expanded detail can bc seen in F’ig. 15. ltach man-
agerknows how to command a specific hal-dwalc  unit and clcatcs  command packets for transmission
by the AA~S Ilus h4anagel. A 1 laldwale Managcl  also perfcums data conversion and compcnsat  ion.

“1’I]CIC  al c three bus interface managcls, shown as the (;1)S IIus lntcrfacc and the composite object
- IIus ]ntcrfaccs:  1)1 LJ, 10LJ. ‘1’hc Pixc] lntc]facc is via the Pixc] lntcl’face lJnit  (I)](J). “1’hc AA~S
lIUS lntc~face is via the Bus ~ontroller  Input/Output lJnit  (lOIJ).
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‘1’hc AACYS IIus N4anagc1takcs  packets from the haldwarc managers  and prepares  transmission
packets fcn the bus. 11 handles putting packets in and taking packets out of the nlcmmy  shared with
the Bus Ckmtrollcr  as well as servicing the handshake interrupts.  Reply packets fmm the haldwam
alc distributed to the individual haldwam managcm.

‘1’hc J’JXCI lntcrface Manager sets up the l’ixcl lntclface lJnit (I’](J) with an address where pixel data
will bc stored, enables the 1’111 to write to mcmmy, and services transmission CMOI interrupts.  (Al-
though the Star ‘Iiackcr  is commanded via the AACX IIus, output data fmm the Star ‘liackcr is sent
to mcnloly via the l’ixel interface).

“1’hc CY)S IIus h4anagcr  puts transmission packets in the memory  shared with the IIus lntcrface llnit
haldwale  ready for pickup by the ~1X3 and removes transmission packets sent by (3 IS from the
shaled n~cn~o]y.  It sets up and maintains the. protocol  to the JIUS lntcrface  lJnit and handles the hand-
shake interrupts.

All of the objects am capable of detecting cmom or faults which ale specific to thcil”  own specialized
knowledge and raising those faults to the };ault  Analyzer, All of the objects also generate telemetry
data which is picked up by ‘lehmctry.

liig. 16 shows the 1,CVCI  1 alchitcctum  p]io]  to deletion of (;RAIJ and (~assini  redesign. Note that
Articulation Gmtml  has been removed (only ]hginc  Gimbal articulation remains a[ld is now part
of Attitude  control).

L . . .  . — .  _ .~

‘l~ig. 16

‘1’he following table lists the clitcria used fm each of the objects f] om the six approachs previous] y

described. Ilxpanded explanations ale as follows:

Qmtcx[,  Noun: originally dclivcd from the Gmtcxt  l)iagram, later included in rccluircmcnts.

Noun, Work llnit: originally derived  from cxpcricncc,  including pmtotyping, as to what work uni[s
ale most useful, later inc]udcd  in mquilcnmnts.
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N_Vlk llnit. Abstraction - brainstmlu~:  originally  idclltifmd  duling  our al’c}litCCtul’C  blail~stoll~~illg
meetings, ]atcr vclified as a uscfu] work unit.

c@@LW.Qrlcll]i!: originally dclivcd  from Ihc Omtcxt  I)iaglanl, late] vclificd  as a uscfu] Wolk
unit.

.NOUJI, Work (Jnit: origina]]y identified as a useful work unit, ]atc]” inc]udcd in rcquircmcnts.

NQLIII.  ~b$!ra~tion  - bl”ainstommi!l$:  01’igina]ly  identified dul’ing OLJJ”  architecture bl’ainstol”ming
meetings, later included in rcquircmcnts.

C)lIJI;.C7J’ Scledion I;.xplnna[iorl

Clitc.ria
——

1. Accclcrmlmlcr  Mar)ager l&2 CIWCXI,  NOUII

2. Atiitudc  Ccm~nmnde{ I ?&s I Now,, Wo,k unit

3. Atliladc ContIollm I 2&5 NOUII,  Wmk unit

4. Attitude. Ik!e.nninrdion  Commander 2&s Nouri. Work unit

5. Atlitudc. I;,stinlator 2&5

--t-

Nouo, Wo[k unit

6.11111 Manat,er 1&2 Contc.xt, Noun

7. Conlrnnr]d  IImdlcr

--–-----+-=--t--- –

work “rlit, Ah~trac[ion  - brainstormir~F,
——
8. Configuration Manager Work unit, Abs[laclioll - btainstol[l!illg

9. Constraint Monitor I 58r6 I Work unit, Abslraclion - brains(orn)ir,p,

10. Iklla  V Cont{o]

11. EGA Manager +=+==---- ‘- - - - -

AAS 93-033
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12, l~aull Analyzm

-+–+~ ‘- -

Work unit, Abstraction - brainstorl]linF,
——
13. Fault Remvery Work unit,  Abstracl]oli - brainslorl]linp,

14. };lip,Jlt  Software Ffxecutive I I&s I Context,  Wmk unit

15. J;ranlc Manafier

16. CiyIo  Mrmat,c,(
—_-
17. lneflifd Vcclor P1opagatO1

‘- +–++=:---------  -

18, JC)U  Maruagcr l&2 Ckmltcxl, Nou[l

19. Messnp,cs  J~rcm, C!IXS I&s Co!lte.xt, Work u[]it

20. Mcmp,cc  ‘fb CIJS 1!%5 Cot]te.xt,  Work unit

2 J. Mode Conlniander
I—— 1

22. J’1[1  hlanq?er l&!2 Context , Noun

23. I’MS Manrip,er
I

l&2 Context, Nmr[[

24. J’JLOM Corlf!  01 5&6 I Work urli(, Abst!uction - b!air[stornjinp,
I 1—.—

25, JLWA MMBp,M IL%? Cor,te. xl, NOUII

26. SRLI MnnaWr l&’2 Context, Noun

27. Star II) 2&5 NOUII, Work unit

=Sun Scnsot Mrmp,w
—

l&2 Context, N our]
—
29. ‘Ielcnmtry Manager 2 & 6 NouIi,  Ahst[ac[iml - b]ainstorminp,
—
30, Iltility  (G1obsJ)  Fu[lclions 5 & 6 Work unil, Abstraction - brainstortninp,

!hxign  l<cprescnta!ion

‘1’hc detail of each object’s design is pmtraycd with at least an object  I)iagram, a State ‘Iiansiticm
l>iagmm, and a IIooch IIiagram. “J’hc Object Diagram adds detail to the 1.CVCI O and 1 Alchitccturc
l>iag[-ams  in the form of named events and data which pass bctwccn  the object of focus and othcJ
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objects connected to it. Adding this detail in a highm level  ofdiag[am  would bc impract ical for draw-
ing purposes, plus a reader can track through the design from higher to lower levels and see an in-
clcasing amount of detail. I;ig. 17, an example object  I)iagram from the second prototype, is a good
way of showing the ideas without  the complexity of the full blown application.

r—”--—-- ‘-”—

.1,+

-g.

L_._._lam,  ,.,3,<,
A(1

~—---- -——. —
Fig. 17

State ‘liansition  IIiagtams were very useful dul ing the Requirements brainstorming phase. ‘1’hc State
‘Iiansition Diagram portrays the intcmals of an object - its states, events which cause transitions
between states, and the processing which OCCUM during a transition and within a state. ~;onculrcncy
can also be porltaycd as can be seen in Fig. J 8, an example State ‘liansition  I)iagram (or Statcchalt)
fmm the second pl”otot  ypc, where a pI”occss which let ums at t it udc and l-ate runs concummtl  y with
tllc process which computes the estimated at[itudc and rate (ccmcuwcncy  is indicated by the dashed
line running thlough the lalge supcmtate).

‘J’hc hooch Diagram  portrays  the actual inlplcmcntat  ion packaging of the design in the form of Ada
l’ackagcs. ‘]’hc packages with the hcav y borders  arc the packages which make up the object of focus.
I>cpcndcncies  on the packages of other objects, either from the Package Spec o] Package IIod y (indi-
cated by the 11 or S), am represented by arlows and the packages themselves, only  the external pack-
ages l’cfcl’cnced (via Ada wilh) are drawn,  not all the packages of a rcfc]cnccd  object, ‘1’his pmnotcs
tracking and diagraming. In the example Booth IIiagram from the second prototype, l;ig. 19, no-
tice that visible procedures and types ale shown (but not all ale shown, wc opted not to show the
global  procedures and types - math routines and types used by three or more objects - as they ale
too voluminous). Visible data can also be po~traycd.

Any additional drawings (e.g., IIata 1710w Iliagrams) which aided the dcvelopcl in understanding
the problem o] describing it to othcm were encouraged but not ]cqu imd.

IAning the IVototypc,  we cleated models of our deliverable products (i. e., documents) and guidc-
]incs for our development procedures (Ilcsign, ~odc, ‘lest, Gmfigurat  ion @ntml, Problem Reporl-
ing, Reviews). ‘1’hc guidelines include templates for the textual material (see liig. 20), diagrams, and
code format.

:Jool  [k’tig(?

We found that too]s in the form of diagrams were very uscfu]  in documenting thcl”esulls  of our anal y-
sis and in providing the media used in brainstomling how things should work.
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StidcI  Transition Diagram

‘Sxh’’lzzl
AttitudeEstimator (ATE)

-t?

ACM Inet,d-  Rd,l,ve  I
Indd?e.  A114,,de@bnal  Q A@ In, bmlhate)

— ———

?

Iilwtlol
R.latlv, -  dwmg

3R,3 (Mbh,do,  Rale) . Prqw@e_Pll,  h,de, - GYR GoI. Dehe.1 bti,_Dae
sun. PresOnl . Elss G.?. S“n.  rh. wd
H Sun-  P,eeanl  ih.. ACM 6.n_ln_DSS

ACM Drn

----- ------  -,_.

—.— .—— —- . . ..-—. ——
l;ig.  18

1.

2.

3.

4.

Qbje@  Ovcrvjcw
.Objezl Name. (Object Aclcrnym)

])cscril,lion:  <In this section desc[ibc  “what”  functions this object
pcrfofllm, N(Ys’ “how” it is done.>

d’l!is  is tlm con)pommt for a continuation paragraph>

hlputs:
Fror, <Otjed  A.zony  n!. <Actual  Eve.-IL/F.ndwm  Cell  as d.auczikd  In thm

C+4 CMy.”1>

f xa”~.

F rw, AIE G.+  LAthhJ&_  AM.  FMf~An,LI&
Gwhrfhn,  Rare V.d.r)

rsx /“dld,ze

ACM Ehme

]’roccssin~:  <III  this sectiolj  dcscl ibc  “how” the. functions described
in the dew iplion sect ion are pwformed>

olllj)uts:

l;ig. 20 “Jextua] qemplatcs

. —
Boootl Diagram

41t~tudeEstimator  (ATE)

_m, IY1.  .

l{ig. 19

Qbjcc[ DCXCI  ipti~n

Object Nanm (Object ACI crIIym)

)cs(r[l~licrn:

:Iksc[  iplio[,  p,m5  t,c.re.>

‘uldic Oi)crt itions:

.r.l.,de

;E1l.  Maft,  Co.jqa  to

‘ulrlic Atlrilmks;
r’! “, i.

w. CW8 b%  H(O

;Iandard {.)imra lions:

dfsrt  Q)tioti: Cf-sam  dl  mwmdakm t“ L)- slnwk’dskf.

a.wf(try)liohv.. rrild.rt be r,wculwl  !Mjofd  a n y  o!hrr roo(ir)c  in

thi( packqr  i.f col[fd

inpu  /.{: ?m?ir

I)locr.v.virg: oil .sloro~c  in t hr pockdgc i,~ .w1 to 7CI or, q,

Olltp(ls.’ Imflr

)i,cr~tirrns:

dc.rclipfiorj: VECTOn32-  4. TYPE x Vf C lW.  32-4.  TYPE -, UC-

1u713?.  4.  7vPE,’  .YUhf  10C[  $ thC  0T~14?11C?1/.T  c<>)?l

JIo?drtlt  by cor)ymrip)i/

a w/ol[1tiOtL5  ., rmnr

inlm  /.$: (7ny  Volur

pocc.u ing: COtLVtrUC/3  El ?lCH,  )W/llC  Of !hP .WttlC t~r)(, by
comj)oncrtl  tJW  comrmnrtd .whlr  action. .

01{![)!1 tf ,’ rclorn \ lhr con~lr ociryl  VOIIIC
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lntcgmtcd  automated dcvclopmcnt  tools to help in cleating  our drawings and maintaining the dictio-
nary of entities in the drawings appear  to be too immature for object oriented development, too in-
flexible to be able to adapt to ourpavticu]ar  approach, and overkill for a pmjcct of this si~,c.  We, thclc-
fcwc, used either Macl Maw or ]ntcdcaf  for our diagrams and lntcr]caf for producing our textual
material and publishing OUI documents. Any Macllraw  diagrams were filtered and imported to ln-
tctlcaf when the documents WC]C created. “J’hc Statcmatc tool frcml  1 Iogix comes the closest to doing
out statccharts (State ‘Iiansition  IJiagrams) and might be looked  at both for methodology and tool
suppml (WC no longer had funds foI tools of this scale when wc realized  the possible benefits).

Wc ale considering a IIata IIasc tool for our IJata l)ictional.y  and Requirements ‘Iiacc h4atrix.  Wc
ale cuwcnt]y  doing the Rcquilcmcnts ‘l’lace Matrix on lntcdeaf.

l%ototyping  all the people interfaces, softwalc products, and dcvclopmcnt  processes that schedule
and budget allows, is time and effort well spent.

IJon’t  undcrcst  imatc the need for a protot  ypc effort to work through the lamificat ions of an Object
Oriented approach and get experience with the pIoccss.  Gcwping  data with the only procedures
which arc allowed to act on that data seems like a simple concept but the resulting changes in the
software development paladigm arc abundant, Although we actually did two prototypes, the first
was dedicated to deciding on the development paradigm  (Object OJ icntcd obvious] y won) and work-
ing through  that paradigm with all the groups involved in the sof[ware development, not just the
1 ;Iight Soft ware team. “1’hc second protot  ypc was an extension of the fimt where the 1 (light Softwale
team concentrated on defining, refining, and gaining cxpcricncc  with the details of the pmccss. Rc-
n~cmbcr  too that the prototype is a very uscf u] tool for wringing  out test bed simulations,

State “Ilansition  l>iagrams  arc invaluable as a tool for driving out both ]cquilcn]cnts  and design de-
tails. Wc highly l“ccommcnd  the USC, development and n]aintcnance  of these diagrams during  the
cnt ilc soft wale development process. A pictolal  rcprescntat  ion of what needs to occur  in a system
and what can cause those  things to occur, aids the discussion, understanding, and transmission of
rcquilcmcnts  and design details.

“1’hat data in an object may onl}~  bc changed by the o!y”cct  (no data is shared in common) is the most
impollant premise of an Object oriented  soft wale dcvc]opment  approach. Objccts  may be chosen
in several ways, just try to make the interfaces as simple and few as feasible and place data and pro-
cesses in the objects that have the most knowledge about them. ‘1’hc independent objects, which Tc-
SU1 [ from these few simple premises, accomodatc  even nlajo~ system changes and can be ]cuscd.

With all the up front prcpalation, it might be difficult to separate  the contribution of the Object Ori-
ented paladigm from the contributions of the othcl’  newly adopted tools and tcchiqucs,  were it not
fm the significant redesign of ~assini and deletion of CRAli. Softwalc  development proceeded with-
out significant impact o] intcmption  during  all that tumloil  and this can be la~gcly  attributed to the
object oriented alchitccture.

Our cxpcricnees to date indicate that the Object oriented  approach to developing flight control soft-
ware is very p]omising. Wc will continue to assess the process through  the implcmcntat  ion and test
phases.
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